OBSERVATIONAL
CONSTRAINTS ON
GALILEON GRAVITY

RAMPEI KIMURA
HIROSHIMA UNIVERSITY

NONLINEAR MASSIVE GRAVITY THEORY AND ITS
OBSERVATIONAL TESTS @KYOTO 07/31/2012

BASED ON

RK AND KAZUHIRO YAMAMOTO, JCAP 04 (2011) 025
RK, TSUTOMU KOBAYASHI AND KAZUHIRO YAMAMOTO, PHYS.REV. D 85 123503 (2012)
RK AND KAZUHIRO YAMAMOTO, JCAP 07 (2012) O50



CONTENTS

Introduction

Galileon and some toy models
Constraints from standard rulers
Constraints from matter power spectra
Constraints from ISW

Constraints from gravitational Cherenkov radiation

Summary



INTRODUCTION AND
MOTIVATION

Atoms
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| 4.6% Eneriy
e The present cosmological observations Dark 7%
indicate the accelerated expansion of the g
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e Alternative : Modification of gravity
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INTRODUCTION AND
MOTIVATION

e Modified gravity theories
v f(R) gravity
v DGP
v (Nonlinear) massive gravity

v Galileon

e No ghost instabilities
e Need to check consistency with observations
* We can test by using cosmological observations

e What is a powerful probe to distinguish modified gravity
theories from ACDM?



MOST GENERAL SECOND-ORDER
SCALAR-TENSOR THEORY

v' Horndeski found the most general Lagrangian whose EOM is second-order
differential equation for ¢ and g;v (also known as Generalized galileon)

Deffayet, Gao, Steer (2011), Kobayashi, Yamaguchi, Yokoyama, Prog. Theor. Phys. 126, 511 (2011), Horndeski, Int. J. Theor. Phys. 10,363 (1974)
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COSMOLOGY OF GALILEON

v’ Self-accelerating solution exists in various models

e F P Silva and K. Koyama, Phys. Rev. D 80, 121301 (2009)

e T. Kobayashi, H. Tashiro, and D. Suzuki, Phys. Rev. D 81, 063513 (2010)

e T. Kobayashi, Phys. Rev. D 81, 103533 (2010)

® A.De Felice and S. Tsujikawa, Phys. Rev. D 84, 124029 (2011)

e R. Gannouji and M. Sami, Phys. Rev. D 82, 024011 (2010)

® A. De Felice and S. Tsujikawa, Phys. Rev. Lett. 105, 111301 (2010)

e A.De Felice, R. Kase, and S. Tsujikawa, Phys. Rev. D 83, 043515 (2011)

e C. Deffayet, O. Pujolas, I. Sawicki, and A. Vikman, J. Cosmol. Astropart. Phys. 10 (2010) 026
e R. Kimura and K. Yamamoto, J. Cosmol. Astropart. Phys. 04 (2011) 025

and many papers ...

Free of ghost instability and Vainshtein mechanism
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Toy Model 1

The background evolution of

Kinetic gravity braiding

RK AND KAZUHIRO YAMAMOTO, JCAP 04 (2011) 025



KINETIC GRAVITY BRAIDING

v' KGB model (Deffayet et al. 2010, Kobayashi et al. 2010) o — M}Q)I R/2

/d‘*azf[ P1R+K(X) G(X)O¢ + Loy Lol

— Simple extension of the galileon model

v Shift symmetry d—=b+const ensures the existence of the Nether current

Jo+3HJy =0

e (SQBGXH & KX) x 1/a3

v Jo =0 is the attractor solution, which leads to a self-accelerating solution if

K X‘ < 0  (Deffayet et al. 2010)
Jo=0



TOY MODEL OF KGB

v Example (RK and Yamamoto 2011)

K(X)=-X
( ) > o~ . @ crossover scale (~ Hj 1)
G(X) = Mpy (]\262 X) n : model parameter (n > 1/2)
Pl

v Choosing the attractor solution (Jy=0), ¢ = Kx/3GxH

- e
(E) = (L) (E) s Qoa_3 Dvali-Turner’s Model
Hy 3 m,, D s (Dvali, Turner 2003)
behave like dark energy
For n=| Original galileon model (minimally coupled)

Forlargen (n < 100) Cosmological constant model




EFFECTIVE EQUATION OF
STATE Weft = Do/ P

de Sitter expansion (scalar dominated era)



ABSENCE OF GHOST AND
STABILITY CONDITION

v Quadratic action for the perturbed scalar field ¢(¢,x) = ¢(¢) + d¢(t, %)
2
552 = 2/d4x gr(a )léqb — ( )(a ) ]

/{(a) > 0 (NO ghostlike behavior) | | Parameter must satisfyj

c(a) >0 (Stable) n>1/2
e
v The sound speed 1 oE
2 1 08}
c; x1/n g
“° 0.6:—

The sound speed of the perturbed 0.45-

scalar field becomes zero if n=co ! 0.25- n=5 \




Toy Model 1

Cosmological perturbations in

Kinetic gravity braiding

RK AND KAZUHIRO YAMAMOTO, JCAP 04 (2011) 025



COSMOLOGICAL
PERTURBATIONS

v Setup

Newtonian gauge
ds® = —(1 + 20)dt* + a(t)(1 + 2®)d;,;dx"dx’

Scalar and matter perturbations

p(x,t) = p(t)[1 +d(x, 1)
¢(z,t) = o(t) + 0¢(, 1)
( ‘ ' )

For small n : : : R |
(well inside Ho! and s ) Quasi-static approximation is valid
S

For large n

| (cs approaches zero)
T , <t 2 S,

Quasi-static approximation is no longer valid




QUASI-STATIC
APPROXIMATION (SMALL n)

v Quasi-static approximation is valid for O(k*c?/a?) > O(H?)

v Energy momentum conservation and modified Poisson equation

v Effective gravitational coupling

G% ¢

S B(a)

1+47G

The growth is enhanced due to
an additional scalar force

Geit/G (2)

1.0k
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FULL PERTURBATION
EQUATION (LARGE n)
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FULL PERTURBATION
EQUATION (LARGE n)

v Taking the limit n—c, the scalar field equation becomes

0X +3H6X =0
0X = pdp — $* U
¥ One can find the decaying solution

6X = Const/a*

v Aslong as the initial fluctuation of the scalar field is small, one can set §X = 0

— Scalar field does not contribute to the Einstein field equations
Sy = Gy =0

n—>co limit corresponds to ACDM limit at both background and perturbations level



NUMERICAL RESULTS OF
GRAVITATIONAL POTENTIAL

0.01 0.050.10 0.501.00 5.0010.00

k=0.01 h /Mpc



NUMERICAL RESULTS
OF GROWTH FACTOR

n=10
0.80 n=100 ACDM

0.01 0.050.10 0.501.00 5.0010.00

Z
k=0.01h /Mpc



How can we distinguish scalar-tensor
theories from the ACDM model?



APPROACH 1

Supernovae and CMB shift parameter

RK AND KAZUHIRO YAMAMOTO, JCAP 04 (2011) 025



CONSTRAINTS FROM
SUPERNOVAE AND CMB

v Supernovae (SCP Union 2)
® 557 supernovae

e Redshift z< 1.4

e Distance modulus

dr(2)
=l 25
e ( M pC) s
v' CMB shift parameter ((WMAP 7 year)

ZCMB
Bi= V mO /

/Ho

Supernova Cosmology Project

|

Suzuki, et al., Ap.J. (2011)
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CONSTRAINTS FROM
SUPERNOVAE AND CMB

Type Ia supernovae CMB shift parameter

(SCP Union 2) (WMAP 7year)

M2 305G



APPROACH 2

Matter power spectrum

RK AND KAZUHIRO YAMAMOTO, JCAP 04 (2011) 025



GALAXY DISTRIBUTION

v Matter power spectrum

(6(¢,k)8(¢, k')%)

=P, (k,a)d® (k- k)

(FROM SDSS WEBSITE)
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REDSHIFT SPACE
DISTORTION

v Observed matter power spectrum is distorted by these effects in redshift space

Kaiser effect Finger of God effect

RS 6“‘
2? overdensity ~ ~
G =s 1§ O § |¥ 2
- c~ - -
@ S S
™ .

8 “ z

real space redshift space ‘ real space redshift space

Anisotropy of matter power spectra could be powerful tool to constrain
the model parameter as well as the cosmological parameters...



REDSHIFT SPACE

DISTORTION
v Power spectrum in redshift space
A B e B="Ff/b
f(a) 333 dIn Dl
v Multipole expansion % _)d Ina
k-Z
Py(k, p) = Z Py (k (20 + 1) pli —
1=0,2,4, k|

v’ The ratio of the quadrupole to the monopole

Py(k) _ 38+7%8
Py(k) 1+28+ 152

Degeneracy of bias and growth can be broken by using both Py and P>




CONSTRAINTS FROM
MATTER POWER SPECTRUM

v SDSS LRG sample data release 7

Survey area 7150 deg?
Number of galaxies 100157 LRG
Redshift range 0.16 <z <047

v Power spectrum in redshift space with non-linearity

Pya(k, 11) = (% (k) Pss (k) + 2fb(k) Psg (k)u® + > Pog (k) ") e~ hro)”

v Unknown parameters n, QO) A7 b7 o

v Marginalizing parameters QO; A, b, Ov



CONSTRAINTS FROM
MATTER POWER SPECTRUM

v In general,

e () can be determined by the baryon
acoustic oscillation

e Py determines the combination of bias
and growth

e P, determines growth

v However,

The error bar is still large to distinguish
the model from the LCDM model

Even if we combine the constrains from
the standard ruler and power spectrum,
small n is still allowed
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APPROACH 3

LSS-ISW cross-correlation

RK, TSUTOMU KOBAYASHI AND KAZUHIRO YAMAMOTO, PHYS.REV. D 85 123503 (2012)



INTEGRATED SACHS-WOLFE
EFFECT

v CMB contains lots of information and useful
to determine cosmological parameters

6000__77“'""] o S LS N | T T T T

O
o
o
o
T

(FROM WMAP WEBSITE)

[(I+1)C,TT/21 [uK?]
S
8

—
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o
I
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10 100 500 1000
Multipole moment 1/ (Komatsu et al. 2010)



INTEGRATED SACHS-WOLFE
EFFECT

v ISW term in CMB anisotropy

(M;(’V))ISW - /77 :O dn[¥’(n,x) — ®'(n,x)]

s ' =

Einstein de-Sitter universe

\i — | ﬂ ‘ Potential is constant
v = \f NO ISW
ACDM model
ﬂ Potential decays

T | |
v - v Blueshift

Kinetic gravity braiding (small n)

-

Potential grows

Redshift




INTEGRATED SACHS-WOLFE
EFFECT

Vv  ISW information

~10% of the primary CMB anisotropy
v Cosmic variance

10—9E .
@R 2 f
@ D) | ] j

ISW in CMB power

spectrum is dominated
by cosmic variance !

Ha Ce:l A
g‘ 10_11 e P PRI L NP & 15 - (1 S 2 = Ce:O.l —

LSS-ISW cross-correlation can

extract information of ISW effect ! 10"
(Crittenden &Turok ‘95 )

(SN

o
—_
(@]
I

I(1+1)C7 2

III|
100

(Hu & Scaranton 04)



LSS-ISW
CROSS-CORRELATION

v LSS-ISW cross-correlation function (CCF)

<AT(7) ANgW’)> _ ﬁ S (20 + 1)CePo(p),

i1 N y
v N
Temperature anisotropy Galaxy distribution
Selection function Growth factor Bias

A

A 1
[t
RC, = (112 /dZH(Z)W(Z)D%(zO) = b(z, k)P (k)

k=(0+1/2)/x




FIXED COSMOLOGICAL
PARAMETERS

v’ Cross-correlation data Giannantonio et al. 2008

v’ Scale independent bias for the ACDM model (Giannantonio et al. 2008)

2MASS SDSS galaxies SDSS LGR NVSS HEAO QSO

b 1.4 1.0 1.8 1.5 1.06 2.3

determined by the auto-correlation function of galaxy distribution

pACDM)
v’ Rescaled bias P (G il
Dy

v’ Fixed cosmological parameters (WMAP 7year value)

h =0.702

Qp = 0.0451

Qoh? = 0.1338

ns = 0.966

A= D 4D (e vait s bt =200 02N Tp e



CONSTRAINTS FROM INTEGRATED
SACHS-WOLFE EFFECT

DATA FROM GIANNANTONIO ET AL. ’°08
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APPROACH 4

Gravitational Cherenkov radiation

RK AND KAZUHIRO YAMAMOTO, JCAP O7 (2012) O50



SOUND SPEED OF
GRAVITON IN MGST

v Most general second-order scalar-tensor theory

4
=2

Ly = K(¢,X)
'C3 s G3(¢7X)D¢
Ly = Gy4(¢, X)R + Gy x[(0¢)% — (V. V,0)?]

Ls = Gs(d, X) G (VFV6) — éGE,,X [(O6) - 3(0¢) (V. V0 8)? + 2V, V,8)?]

J Quadratic action for a tensor mode Kobayashi, Yamaguchi, Yokoyama, Prog. Theor. Phys. 126, 511 (2011),

9 1 : Fr,=
s = g/dtd?’a:a3 [QTh?j = ?(th'jy]

v Sound speed of graviton
Fr

Gr

or

( Fr = 2[Ga—X ($Gsx +Gas)|

’ e = [G4—2XG4X =X (H¢G5X 53 G5¢)}

e

( For KGB model, o — 1)




GRAVITATIONAL
CHERENKOV RADIATION

v’ If the sound speed of graviton is smaller than the speed of light, particle should
emit graviton through the similar process to Cherenkov radiation

Moore and Nelson (2001)
graviton
k
particle
Pin 3
Pr
particle

v Highest energy cosmic ray (p ~ 3x10! GeV) can provide us the lower bound on
the sound speed of graviton



GRAVITATIONAL
CHERENKOV RADIATION

v' Consider the complex scalar in a FRW background

S /d4x\/—g [—g’“‘”@M\IJ*(?V\I! — mAU*T — SR\IJ*\P}
v Quantize the complex scalar and tensor field as

1 d>p
Uil /W Bpvp(n)e®™ + by (e [bp, 01,1 = 6(p — p')
)

/ 1k-x —1k-x [é 76 !
,uy— QTZ/ 3/2[ a'khk: ) it +5§Li\/)a;r<hk(n>e 5 ] i

v' Mode functions satisfy




GRAVITATIONAL
CHERENKOV RADIATION

Vv In-in formalism

) = i / dt / dty ([Hr(ty), [Hr(t2), Q)

v The total radiation energy from the complex scalar field

E=>"Y (wi/a){afMad)
A k

where
to
L(A)al(j\) _23%/ dt2/ dtq HI (1) aT(A) (A)H (t2)>

H[ = a/dgaf;hw@zllfﬁj\ll*

v’ Sub-horizon approximation k/a, p/a, m , csk/a >> H, and the particle is relativistic

dE 2 GN p?n 4(1 avy CT>2
digiisssas 3 (el




GRAVITATIONAL
CHERENKOV RADIATION

v¥' Graviton emission rate (using sub-horizon approximation)
dE ! GN p;ln 4(1 N CT)2
dt  a* 3(1+4cr)?

v A particle with momentum p cannot possibly have been traveling for longer than

CL4 (1—|—CT)2 1

e
Gy 4(1 —er)? p3.

¥ The highest energy cosmic ray puts the constraint

1011GeV \*? /1Mpc ) /2
D ct

1—cT,§,2><10—17(

v Observations tellus F ~ p~ 3 x 1011GeV, ¢t ~ 10kpc

=S Sl



TOY MODEL 2

K =94
V' Gubitosi and Linder model (Gubitosi and Linder 2011) o
e
)\ £4 2
/d4x\/—{ Lalm ek T2 GV Vb + L [QW,@D]] T
Pl
v Friedmann equation
NH?

1 =Q,, + Qy, where Q4 = (14+18C(z)) and C(z)=

3M2 H?

v Condition for existence of self-accelerating solution and avoiding the ghost-

instability
1 1

B @ () — -—>» A\ is always negative

v Sound speed of graviton

M3, + 22X /M3,

-
Mg, — 22X /M3,

2 =

Inconsistent with the constraint from the gravitational Cherenkov radiation...




TOY MODEL 3

v' Extended galileon model (De Felice and Tsujikawa 2011)

K = —CQM;l(l_pZ)XPZ,
Gg = 03M31_4P3Xp3,

1 5
G4 = §M§1 e C4Mj 4p4Xp4,

Gs = 3cs M (1T4P%) xps.
v’ Assumption

P2 =D
H¢?? = const RIS waE = 17
2 — pa=p+2q
Tt ps =p+ (6g— 1)/2

v Friedmann equation in the case of the attractor solution

Ho 0

' Observational constraints shows § << 1)

o 2 T —2s

4 model
parameters

D72 seet

s ='p/2q

Dvali-Turner’s Model
(Dvali, Turner 2003)



CONSTRAINTS FROM GCR

cr >1—c¢
Allowed parameter space
‘/ P P e = 2 % 10nGs
T T T ] 107 ]
061 0.8
? 0.6
04+ ﬁ
: 04
Q - | ¥ i
02+ ﬁ
00! ] |
| | 0.0 L o 0710 , 0
i No ghost instabilities - ﬁ NG o
B0y, 02!
_().‘5‘ | 0() i 05 e ‘11()‘ = ‘1‘.5‘ T, 20 —0.5‘ | ()O i 05 % ‘1.0‘ K ‘1.5‘ 5 2.0
a o
p=landq=1/2 p=1and q=3/2

Inconsistent with GCR for any model parameters o and 3



SUMMARY

Constraints from the standard ruler is not a powerful tool to
constrain some modified gravity model, because the background
evolution is almost same as the ACDM model.

Constraints from LSS-ISW cross correlation could be a powerful
probe for the model, whose effective gravitational coupling Gef is
strongly enhanced.

For modified gravity model, whose sound speed of graviton is
smaller than the speed of light, the constraints from gravitational
Cherenkov radiation would be a powerful probe.



